Given the challenges related to climate change and dependency from fossil fuels, modification of the energy systems infrastructure to increase the share of renewable energy is a priority in urban energy planning. The high heating density in cities makes it more economically competitive to deploy district heating (DH), which is essential for large-scale integration of renewable energy sources. Combining georeferenced data with district heating design methods allows to improve the quality of the system design. However, increasing the spatial resolution can lead to intractable model sizes.
uated as a function of the heat demand density in the areas, the 
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In case of highly populated cities, the current computational 2 A non-spatially limited resource is defined as a resource which can be exploited everywhere in an area (e.g. geothermal energy resource). On the other hand, a spatially limited resource has a specific location (e.g. waste heat from a power plant). These data can often be provided by the local authorities. 
The configuration of the clusters is defined by the binary de- 
where N s is the number of subclusters. y i, j is a binary de- 
The subcluster i is the center of the cluster corresponding to 307 the row i. The Euclidean distances between the subclusters are 308 represented in a symmetric matrix D as follows:
is the Euclidean distance between the subcluster i and the 310 subcluster j and it is defined as follows: Eq. 3 forces each subcluster to be included in only one clus-
317
ter.
318
The heating power demand of clusters is the sum of the heat- In this example, a cluster includes the subclusters SC1, SC2, SC3 and SC4. SC2 is the center of the cluster from which the distances are computed.
by the base load demand of the buildings which corresponds to 326 the DHW. ν max and the third quartile of P.
This difference between ν min and ν max offers flexibility to the 336 solver in defining the cluster configuration.
337
Additional constraints are added in order to reduce the solu-338 tion domain and save computational time (Eq. 6 and Eq. 7).
339
The number of resulting clusters can be preliminary estimated 
349
The corresponding matrix Y calculated by the solver in this 350 example is shown in Eq. 14. 
The matrix Y in Eq. 14 shows that two clusters were created The expression of the ILP problem problem ensures that:
366
• The resulting cluster configuration leads to a minimum 367 sum of the intra-distances. This is controlled by the ob- 
Johnson's algorithm: routing
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The weights of the edges presented in Eq. 15 are the Eu- is defined in each cluster as follows:
T c k is the set of edges of the MST included in the cluster c k .
437
The edges t i,j correspond to a subset of the edges e i,j which is The length of the network linking the three buildings in Figure   448 7 is the sum of the lengths of the edges r 1 , r 2 , r 5 , r 6 , r 7 , r 8 , r 9 , 449 r 10 , r 11 , r 12 and r 13 . More generally, the length of a DH network is activated if and only if the DH network is used for a cluster.
where T ground is the ground temperature, U is the overall lin- and each period, the average heating power demand is consid-496 ered. The peak period represents the extreme conditions and it
497
is used for the sizing of the energy technologies.
498
The general MILP model formulation is expressed as fol-499 lows: 
547
On the other hand, the mass/electrical flow balance is 548 respected over the whole system for each period (Eq.27). The approach is applied to the integration of a geothermal source has similar characteristics to the one in Lausanne.
573
The supply and return temperatures of the DH network dur- colder periods, the supply temperature is expected to increase 576 up to 90
• C whereas the return temperature is assumed constant 577 over the year. The supply temperature conditions ensure that 578 the total heat demand (SH and DHW) is met all year round.
579
The minimum supply temperature is fixed at 60
• C to satisfy 580 DHW demand [39] .
581
The geothermal fluid is pumped from a production well and 582 is re-injected into the ground after delivering heat to the con- The amount of heat which can be extracted by means of the pri- The georeferenced road network of the city of Lau- The ILP model was run with and without the two added con-667 straints presented in Eq. 6 and in Eq. 7. Figure 13 shows In case the preliminary clustering is not applied, the number of buildings used for the ILP would be 6'224. This situation can not be solved as the problem complexity increases with n 2 . computational time is significant by adding the constraints. As The definition of the bounds ν min and ν max depends on the 674 availability and the exploitation mode of the energy resource.
675
The size of clusters is adapted to the power available from Figure 14a shows the relationship between well head temperatures and well depths for several US and French geothermal heating facilities [39] . Figure  14b shows the relationship between theoretical well powers and peak power demands for some US and French geothermal installations. The theoretical well power is calculated from well head temperature, production flow and an assumed return temperature of 40 • C [39] .
similar to the ones observed in France. The spatial heat demand In the present case study, it is assumed that the heat load of and with the results in [39] . The parameters set P presented in Eq.12 corresponds to the DHW demand of the buildings, which 744 is considered constant over the year. Figure 16 presents the ter- As an example, Figure 18 shows the spatial configuration of 
778
The DH network lengths of all clusters are available in the 779 ESI.
780
The specific lengths are calculated on the basis of the DH 7 The topological factor of 0.23 is used. This is the default value available in [11] calculated for the City of Geneva, Switzerland. 
797
The existing DH system of the city is modeled in the subsys- Figure 22: The total annual cost differences per square meter of heated floor space between optimal centralized and decentralized options for the different clusters. A negative/positive value indicates that the total annual cost is higher/lower with a decentralized configuration compared with a centralization.
Discussion
895
The methodology allows a rigorous clustering of an urban The methodology was applied to an example case study, eval- can be used to preliminary design optimal configurations of net-964 works that are spatially constrained (e.g. by the road network).
965
As an example, the method can be applied for the preliminary 966 design of water supply or electricity networks. 
